The rpsU gene, which encodes the ribosomal small-subunit protein S21 in Anabaena, is not a part of the macromolecular-synthesis operon as in most enterobacteria but rather is located downstream of the rbpA1 gene, which encodes an RNA-binding protein. Two types of transcripts were detected for this gene cluster. The level of the major rbpA1-rpsU transcript was about 10 times higher at 22°C than at 38°C, whereas the minor monocistronic rpsU transcript was more abundant at the higher temperature. The level of the S21 protein in relation to total protein was three times lower at 38°C than at 22°C. Analysis of isolated ribosomes indicated that S21 was present at an equimolar ratio with regard to other ribosomal proteins at 22°C but that its level decreased with temperature. Conversely, the relative abundance of S5 increased with temperature. A decrease in the level of S21 at high temperature was also found in Synechocystis, in which rpsU is located downstream of the rrn operon. These results suggest that S21 is involved in the adaptation to changes in temperature in cyanobacteria.
The rpsU gene, which encodes the ribosomal small-subunit protein S21 in Anabaena variabilis M3, is not a part of the so-called macromolecular-synthesis operon as in most enterobacteria but rather is located downstream of the rbpA1 gene, which encodes an RNA-binding protein (17) . The expression of the gene cluster rbpA1-rpsU has been shown to be regulated by temperature (17, 19) . The rbpA1 gene is a member of the rbp gene family, which encodes RNA-binding proteins of low molecular mass (19, 20) . The RbpA1 protein as well as many other Rbp proteins accumulates at growth temperatures below 30°C (19) and is supposed to be involved in the cold adaptation of the cyanobacterium. Although A. variabilis M3, like most other strains of cyanobacteria that are widely used in the laboratory, grows well at temperatures from about 20°C to about 40°C, optimal growth occurs between 35 and 38°C. Growth at temperatures below 25°C requires the synthesis of polyunsaturated fatty acids (21, 22) , which alleviate the photoinhibition of photosynthesis at low temperatures (6, 29) . The RbpA1 protein was recently shown to be important in the suppression of heterocyst differentiation in the presence of nitrate at low temperatures (23) . The Rbp proteins, like cold shock proteins (Csp proteins), might act as RNA chaperones (11) , which unfold secondary structures of mRNA that tend to form at low temperature and might inhibit proper function of RNA.
Since rpsU is part of the rbpA1-rpsU operon in Anabaena, it is probable that the synthesis of the S21 protein is also enhanced by cold. However, the ribosome is a complex machinery of protein synthesis, which is assumed, a priori, to be composed of stoichiometric amounts of components (8) . The rpsU gene in Escherichia coli (1, 14) as well as Salmonella (2) and Haemophilus (4) has been found to be organized as a part of the rpsU-dnaG-rpoD operon (the so-called macromolecularsynthesis operon), and the levels of expression of these genes are coregulated (1, 14) . A recent survey of various bacteria (26) suggested that this gene organization is conserved in 11 gramnegative bacteria. However, in the genome of Anabaena, the adenylate cyclase gene cyaA has been found downstream of rpsU on the complementary strand (GenBank accession no. D17710). The rpsU gene in another cyanobacterium, Synechocystis, is located downstream of the rRNA genes, and the dnaG and rpoD genes are not clustered with rpsU (12) . In Mycoplasma, rpsU has not been detected (5) . These recent advances in the study of rpsU might suggest that the occurrence and the gene organization of rpsU are variable depending on the bacterial species.
We present here the results of a detailed analysis of the level of the S21 protein in Anabaena and show that the accumulation of the S21 protein is lowered at a high temperature. We also show that the copy number of the S21 protein in the purified ribosomes decreased by a factor of at least two at the high growth temperature. This decrease was accompanied by an increase in the level of the S5 protein per ribosome by a factor of 1.5.
MATERIALS AND METHODS
Strains and growth conditions. A. variabilis M3 (identical to strain PCC7118 in the origin) was obtained from the culture collection of the University of Tokyo and was grown at 38 or 22°C as described previously (13, 17) . Cells of Synechocystis sp. strain PCC6803 were grown at 34 or 22°C as described previously (18) .
Analysis of RNA. Northern blot analysis was performed as described previously (19) with digoxigenin-labelled DNA probes. The rbpA1 probe was prepared by PCR with the T3 and T7 primers by using pLti26XH (17) as a template; the rpsU probe was prepared by amplifying the coding region by PCR with a set of specific primers (5Ј-ATGGATCCATGACCCAAATAGTAGTGG-3Ј and 5Ј-C CGAATTCTTAGGTGCGGAAACGTCTT-3Ј; the underlined sequences are restriction sites) by using pLti26 (17) as a template.
The RNA for S1 mapping and primer extension was prepared by CsCl density gradient centrifugation (16) . Nuclease S1 mapping of the 5Ј and 3Ј ends of the dicistronic transcript was performed as described previously (16) . The probes used in S1 mapping were a 5Ј-end-labelled DNA fragment (positions 347 to 1061 in the sequence with accession no. D17710) and an RNA probe (positions 1581 to 1897) that was synthesized and labelled by transcription in vitro. Primer extension analysis of the 5Ј end of the monocistronic rpsU transcript was performed as described previously (15) with a 24-mer primer (positions 1541 to 1564, complementary strand).
Immunoblot analysis. The coding region of rpsU was inserted into the expression vector pRSET-A (Invitrogen), and the resultant plasmid was named pRSA-S21. This plasmid was designed to produce a recombinant fusion protein that contained a short N-terminal sequence and a hexahistidine tag under the action of the T7 promoter. The production of the fusion protein was induced in cells of E. coli XL-1 Blue harboring pRSA-S21 by infecting the M13 phage containing the gene for T7 RNA polymerase. The recombinant S21 protein was purified by nickel affinity chromatography under denaturing conditions according to the manufacturer's protocol. An antiserum against the S21 fusion protein was raised in guinea pigs, and the immunoglobulin G fraction was obtained by ammonium sulfate fractionation. Immunoblot analysis was performed essentially as described previously (19) with the antiserum against the S21 fusion protein. The signal was detected by the color reaction catalyzed by alkaline phosphatase with nitroblue tetrazolium and 5-bromo-4-chloro-3-indolylphosphate (BCIP) (Promega) as substrates.
Immunoaffinity purification of S21 protein. Anabaena cells (0.5 g [fresh weight]), which had been grown at 22°C, were treated with lysozyme (1 mg/ml) in 10 ml of STEGP (20 mM Tris HCl [pH 7.5], 100 mM NaCl, 1 mM EDTA, 10% glycerol, 0.1 mM phenylmethylsulfonyl fluoride) and then disrupted by passage through a nitrogen gas-driven high-pressure cell (Parr homogenizer) operated at 100 kg/cm 2 and a subsequent ultrasonic treatment with an ultrasonic probe (model UR-20P; Tomy Seiko, Tokyo, Japan) at maximum power. After centrifugation, the supernatant was applied to an immunoaffinity column, which had been prepared by immobilizing the immunoglobulin G fraction of anti-S21 antiserum (about 20 mg) on a prepacked, HiTrap NHS-activated column (1-ml bed volume; Pharmacia). The column was washed extensively with phosphate-buffered saline, and then the bound protein was eluted with 3.5 M MgCl 2 -20 mM Tris HCl (pH 7.5).
Analysis of ribosomal proteins. Two-dimensional analysis of ribosomal proteins was performed essentially as described previously (27) . Briefly, 70S ribosomes were prepared by differential centrifugation. Ribosomal proteins were extracted by the acetic acid method (7) and then analyzed by radical-free and highly reducing two-dimensional gel electrophoresis (27) . The gel was stained with amido black 10B and then subjected to densitometry (28) .
RESULTS
Temperature dependence of growth. Figure 1 shows the effect of temperature on the growth rate of Anabaena under the conditions of photoautotrophic growth. The maximal rate of growth was obtained at 38°C. At temperatures higher than 40°C, the cyanobacteria did not grow well. Good growth was observed between 28 and 38°C, whereas the growth rate significantly decreased below 28°C. In our studies on the temperature adaptation of this cyanobacterium, we have been using 38 and 22°C as the high and low temperatures, respectively. Workers from our laboratory (21, 22) and others (6, 29) found that the growth at the lower temperatures requires the synthesis of polyunsaturated fatty acids that alleviate photoinhibition of photosynthesis, which otherwise becomes fatal for the growth of many species of cyanobacteria. We also found that small RNA-binding proteins accumulate at temperatures below 30°C in Anabaena (17, 19) , which is necessary at least to inhibit unnecessary induction of heterocyst differentiation (23) . We therefore suppose that cells of Anabaena have various strategies to adapt to temperatures below 30°C, although the temperature of the natural habitats of cyanobacteria, such as Anabaena, is normally below 25°C.
Accumulation of rpsU transcripts. Figure 2 shows the nucleotide sequence of the rbpA1-rpsU region, which was published Note that for some data points the standard error was so small that no error bar is shown.
FIG. 2.
Nucleotide sequence of the rbpA1-rpsU operon. The 5Ј and 3Ј ends of the transcripts were determined experimentally (Fig. 3) . The boxed Ϫ10 and Ϫ35 sequences are putative promoter sequences. The double underlines indicate putative ribosome binding sites. The two arrows in the last line indicate an inverted repeat. The numbering shows the nucleotide count for accession no. D17710. P1 and P2, 5Ј end of RNAs 1 and 2, respectively. as a gene cluster that is regulated by low temperature (17, 19) . The rbpA1 gene has been shown to be a member of the rbp multigene family (19, 20) , whereas rpsU was found to be a single-copy gene. In these previous studies, only a dicistronic transcript was detected by Northern blot analysis (17, 19) . In the present study, we analyzed the expression of rpsU in more detail. Results of Northern blot hybridization (Fig. 3A) showed that, in addition to the dicistronic transcript at 0.85 kilonucleotides (knt) (lanes 1 to 4), there was a monocistronic rpsU transcript at 0.30 knt (lanes 3 to 4). This minor transcript was three times more abundant at the higher growth temperature, in contrast to the dicistronic transcript, which was 10 times more abundant at the lower growth temperature. The 5Ј and 3Ј termini of these transcripts were determined by nuclease S1 mapping and primer extension (Figs. 3B and C), and the results are mapped in Fig. 2 . The dicistronic transcript (RNA 1) started at position 932 and ended at position 1774 (843 nt), while the monocistronic transcript (RNA 2) started at 1472 and ended at 1774 (303 nt). At the 3Ј end of the transcript, there was an inverted repeat followed by a 3Ј U-rich tract, which is similar to the case for the rho-independent terminator in E. coli. A possible prokaryotic promoter sequence was found upstream of each of the two 5Ј termini of the transcripts. This identification is based on the fact that the major RNA polymerase of Anabaena is known to prefer promoters that are similar to the consensus promoter of E. coli (24) . Nevertheless, we cannot completely exclude the possibility that RNA 2 is a product of processing of RNA 1. The cold regulation of the accumulation of RNA 1 is being studied in our laboratory. Accumulation of S21 protein.
Because of the presence of two transcripts for rpsU that were regulated differently by temperature, we analyzed the level of the protein product, ribosomal protein S21. To this end, we first used immunoblotting (Fig. 4A) . In the immunoblot of total cellular protein (lane 2), two bands were detected at 6 and 16 kDa. Since S21 contains 61 amino acid residues, the 6-kDa polypeptide was likely to be S21, while the 16-kDa polypeptide was not identified. The preimmune serum did not react to either of the polypeptides (Fig. 4A, lane 3) . Since S21 does not contain cysteine residues, the 16-kDa polypeptide is unlikely a covalent complex of the 6-kDa polypeptide with other proteins formed by disulfide bonding. Longer denaturation at 100°C did not reduce the intensity of the 16-kDa band. We purified the specific antibody by epitope selection with the recombinant S21 protein, but the purified antibody gave the same two bands (results not shown). However, immunoaffinity column chromatography gave a different result. The cellular extract was prepared in the presence of EDTA, which dissociates ribosomes, and then applied to the affinity column. Only the 6-kDa polypeptide was adsorbed to the column (Fig. 4D) . This result suggests that the 16-kDa polypeptide is significantly different from the 6-kDa polypeptide in epitopes. When the cellular extract was fractionated while preserving the intactness of the ribosome, the 6-kDa polypeptide was copurified with the ribosome, whereas the 16-kDa polypeptide remained in the cell debris (Fig. 4E) . The immunoreactive 6-kDa spot of the ribosome fraction was finally identified as the S21 protein by N-terminal sequencing (TQXVVGENEHIESALRRF; compare with the sequence in Fig. 2) . Sequencing of all the spots found in the two-dimensional analysis of the ribosome fraction (such as seen in Fig. 5 ) indicated that there is no other polypeptide which resembles S21 in the N-terminal sequence (unpublished data). These results demonstrate that the 6-kDa polypeptide in the immunoblot represents the S21 protein. The 16-kDa polypeptide does not seem to be a component of the ribosome and remains unidentified.
The results of immunoblotting (Fig. 4B ) clearly showed that S21 was three times more abundant in the cells grown at 22°C than in the cells grown at 38°C. We also tested if S21 was regulated by temperature in another cyanobacterium, Synechocystis sp. strain PCC6803 (Fig. 4C, lanes 15 and 16) , in which rpsU is present as a single-copy gene within the entirely sequenced genome (12) . In this case, the intensity of the band was lower, due to the limited cross-reactivity of the antibody. The 5.5-kDa polypeptide is likely to be a proteolytic product of the intact 6.0-kDa polypeptide of S21. The results showed that the S21 protein of Synechocystis was also abundant at the lower growth temperature. These results point to the generality of the temperature-dependent change in the abundance of ribosomal protein S21 in cyanobacteria. In contrast, there is no report on the changes in the abundance of the S21 protein with growth temperature in E. coli. In our study, the abundance of S21 did not decrease at a higher growth temperature, such as 45°C, in E. coli (results not shown).
Analysis of S21 in the ribosome. We then analyzed the protein composition of purified ribosomes by two-dimensional gel electrophoresis (Fig. 5) . We used an analytical method that had been especially optimized for the analysis of ribosomal FIG. 5 . Two-dimensional analysis of proteins in purified ribosome fractions prepared from Anabaena cells grown at 22°C (A), 32°C (B), 35°C (C), and 38°C (D). The results were obtained by a special two-dimensional analysis of ribosomal proteins, called radical-free and highly reducing two-dimensional electrophoresis, which was invented by one of the authors (A.W.) (27) . Ribosomes that were purified by high-salt washing were used for analysis. The arrowheads indicate the S21 protein.
VOL. 179, 1997 CYANOBACTERIAL rpsU 7067 proteins by one of the authors (A.W.). The essential points were the reduction in the concentration of radical-producing reagents in the gel and the use of a high concentration of the reducing agent to prevent ribosomal proteins from aggregating (27) . The density of the spots of S21 and selected proteins of the small subunit was plotted against growth temperature (Fig.  6) . We have incorporated most of the proteins of the small subunit in this analysis to see if other proteins change in abundance. Because of the large number of measurements, we did not analyze the proteins of the large subunit. The assignment of each spot of protein to the large and small subunits was based on the analysis of the ribosomal proteins of the purified subunits (unpublished data). S21 (see above) and S5 (see below) were identified by amino acid analysis of the N terminus. The numbering of other ribosomal subunits was done roughly according to molecular mass, from highest to lowest. The results showed that the relative abundance of S21 markedly decreased with temperature, whereas the relative abundance of the S5 protein increased accordingly. The identity of S5 was determined by analysis of the N terminus (MGXRRKANRT KxRETN). This result showed that this protein is a homolog of S5 of Synechocystis sp. strain PCC6803 (12) (SwissProt accession no. P73304) as well as chromophyte plastids (accession no. P51298 and P23402). The relative abundances of other ribosomal proteins of the small subunit analyzed remained fairly constant over the growth temperature range analyzed. When we assumed that the copy number of S21 was 1.0 in the ribosomes of the 22°C-grown cells, as in the case of the E. coli ribosome (8), the copy number of S21 was estimated to be 0.5 in the ribosomes from the 38°C-grown cells. This result suggests that half of the ribosomes of Anabaena, on average, do not contain S21 at 38°C, a temperature at which Anabaena cells grows at the maximal rate (Fig. 1) . Detailed analysis of the fractions during the preparation of ribosomes from both 22°C-and 38°C-grown cells indicated that S21 was localized in the ribosome fraction (results not shown). In contrast, the abundance of S5 increased with increasing temperature, until its copy number became 1.5 at 38°C.
DISCUSSION
The substoichiometric amount of S21 at the high growth temperature presents an important question about the role of S21 in the ribosome, since S21 is known to be a constitutive FIG. 6 . Effects of growth temperature on the abundance of ribosomal proteins. (A) Identification of the ribosomal proteins in the two-dimensional gel. This blot was taken from Fig. 5A , and the names of the ribosomal proteins were added. In a previous experiment (unpublished data), we prepared the 50S and 30S subunits from the 70S ribosome of Anabaena, and the composition of ribosomal protein in each subunit was analyzed. Each protein was arbitrarily (though roughly according to the molecular mass) numbered 1 through 21 in the case of the small subunit (S) and 1 through 30 in the case of the large subunit (L), except for S5 and S21, which were identified by amino acid sequence analysis of the N terminus. (B) Relative abundance of each protein in the small subunit as determined by densitometry of the results in Fig. 5 . The abundances of proteins are normalized by the total amounts of the selected ribosomal proteins. Proteins 3, 8, and 12 were excluded from the measurement because the spots overlapped. The abundance of each protein was arbitrarily taken as 1 at 22°C. These results are the averages of two experiments. In most cases, the relative abundance was not dependent on growth temperature, whereas the abundance of S5 increased with growth temperature and the abundance of S21 decreased with growth temperature. component of the ribosome in E. coli. There are various explanations of the role of S21 in Anabaena. First, S21 might be used at a limited stage of protein synthesis by the ribosome, and once dissociated from the ribosome, it is rapidly recycled. Second, not all of the ribosomes are always active in the synthesis of protein; perhaps half of ribosomes in the 38°C-grown cells are simply devoid of S21 and do not function in protein synthesis. Third, the decrease of S21 is compensated for by another component of the ribosome, such as S5. Our results showing the increase of S5 at the high temperature might suggest that the third case is likely. But we have no biochemical evidence that S5 can function in the place of S21. Nevertheless, we were able to discover some sequence similarity of S21 and S5 (Fig. 7B) . The S5 proteins are fairly larger than the S21 proteins, but the central part of the S5 protein showed a limited similarity with the S21 proteins.
There are also several lines of evidence that might suggest that S21 is not essential in the protein synthesis of some prokaryotes. First, there are cases where S21 is not found in ribosomes or the rpsU gene is not found in the genome. The ge- nome of the parasitic prokaryote Mycoplasma genitalium was found to contain no rpsU (5) . The prokaryotic ribosome of plant chloroplasts does not contain S21 (9) . No homolog of rpsU has been identified in the databases of plant sequences. No homolog of prokaryotic S21 has been found in the eukaryotic ribosome. Second, the ribosome preparations of Anabaena that contained a small average amount of S21 were successfully purified by standard techniques of ribosome preparation, including sucrose density gradient sedimentation and washing with a high concentration of salt. This suggests that the integrity of the ribosome can be maintained without the presence of S21. Third, according to the scheme of assembly of the E. coli ribosome (10), S21 is one of the most peripheral components that bind to the 30S subunit at the last stage of reconstitution.
The temperature-dependent regulation of S21 in cyanobacteria is also interesting from the comparative point of view. To date, rpsU has been sequenced for various species of eubacteria. Figure 7B shows a comparison of amino acid sequences of S21 proteins from eight species. The gene organization of rpsU in E. coli (Fig. 7A) is quite different from that of rpsU in cyanobacteria. In E. coli, rpsU is part of the so-called macromolecular-synthesis operon with dnaG and rpoD (1, 14, 26) . All these genes are assumed to be constantly active during cell growth. In addition, the polypeptides of S21 of E. coli, Salmonella typhymurium, and Haemophilus influenzae are clearly larger than those of other prokaryotes (Fig. 7B ). In the molecular phylogeny (Fig. 7C) , the cyanobacterial rpsU genes are clearly separated from the rpsU genes of other bacteria. This result suggests that the S21 protein of cyanobacteria can be functionally different from the counterparts in other bacteria. The ways in which the rpsU genes in cyanobacteria are organized are quite variable. This gene is a part of an operon with rbpA1 in Anabaena (Fig. 7A) . Synechocystis rpsU is located downstream of the rrn cluster, but it is still unknown whether rpsU is transcribed as a readthrough of the rrn operon or from a distinct promoter in this cyanobacterium. We do not know either if the regulation of the abundance in S21 is effected at the transcriptional level.
We finally argue that cyanobacteria are situated between other eubacteria and plant chloroplasts from the viewpoint of the occurrence and regulation of rpsU. In free-living nonphotosynthetic eubacteria (though data on nonoxygenic photosynthetic bacteria are currently lacking), rpsU is not regulated by temperature and S21 is always needed for the ribosome. We still do not know how Mycoplasma, a parasitic prokaryote, can live without the rpsU gene (5). In the chloroplast, the prokaryotic ribosome functions without S21 (9) . Cyanobacteria are likely to be intermediate between these two extremes. Cyanobacterial rpsU is regulated by temperature, and the cyanobacterial ribosome utilizes different amounts of S21 (and S5) depending on the temperature. Further studies will be necessary to elucidate the role of S21 in the bacterial ribosome and to find out the role of cyanobacterial S21 and S5 in temperature adaptation.
